(I) Introduction
Periapical inflammation occurs as a consequence of various insults to the dental pulp, including infection, physical and iatrogenic trauma, and, following endodontic therapy, the damaging effects of root canal filling materials. Periapical inflammatory responses most commonly take the form of reactive granulomas and cysts, with the concomitant resorption of bone surrounding the roots of affected teeth (Fig. 1) . These pathologic responses involve the operation of an extensive array of immunological mechanisms, some of which may act primarily to protect the pulp and periapical region, whereas others mediate periapical tissue destruction, particularly bone resorption. The regulation of periapical inflammation is highly complex. Host-derived factors-including immune components such as antibodies and complement, cytokines, arachidonic acid metabolites, and neuropeptides-are involved in the pathogenesis of periapical inflammation. Exogenous anti-inflammatory agents and biological response modifiers can affect the extent and severity of periapical responses.
In this review, we summarize the current understanding of the nature of periapical inflammatory responses and the regulatory mechanisms which modulate them. Although the focus will be on periapical pathology, information derived from studies of the dental pulp will be presented to illustrate key points. Relevant data from the periodontal disease literature, a closely parallel model in terms of immunopathology, will be discussed as appropriate. Gaps in knowledge and future avenues for research in this system will be highlighted. necrosis and periapical inflammation. In contrast, germfree animals exhibited no periapical destruction and formed reparative dentin which bridged exposure sites, exemplifying the capacity of the pulp for self-repair in the absence of infection Subsequent studies by Sundquist ( 1976) confirmed the cause-and-effect relationship between pulpal infection and periapical lesion development. Traumatized but non-fractured teeth with associated periapical lesions were uniformly positive for bacterial growth when the pulp chambers were cultured, whereas teeth without periapical lesions were culturenegative The severity of pulpal/periapical inflammation has been directly correlated with the total microbial content within root canals, and with the length of time the periapical tissues were exposed to the infecting microorganisms (Korzen etal., 1974) . Although it has been suggested that necrotic pulp tissue per se may elicit periapical inflammation, via the production of toxic tissue breakdown products or the generation of antigenic "altered self" proteins, this has not been demonstrable experimentally. In studies in which pulps in monkeys were aseptically rendered necrotic and sealed within the root canal, no inflammatory reaction was observed within apical tissues (Moller et 6it 1981 In contrast, the implantation of deliberately infected pulp tissue elicited periapical destruction+ Pulpal infection thus appears to be an absolute prerequisite for the development of periapical inflammation, There are several pathways by which bacteria may infect the pulp. The most common may be direct invasion as a consequence of the caries process+ Infection via the hematogenous route, or anachoresis, is also likely to be important, although the extent to which it occurs is not known. Micro-organisms which enter the bloodstream following trauma to the gingiva from dental prophylaxis, toothbrushing, or even chewing, have a predisposition to lodge at sites of inflammation, including the traumatized or carious dental pulp. Anachoresis has been demonstrated experimentally at oral and extra-oral sites. In studies in which bacteria were injected into the bloodstream, they were preferentially localized at cutaneous sites in which inflammation had been induced by an irritant (xylene) (Rigdon, 1940) . Similarly, bacteria lodge in pulps which have been subjected to heat, desiccation, or z1... 117 1;1 physical trauma (Gier and Mitchell, 1968) . Anachoresis explains the finding of microbial infection in the traumatized but intact teeth noted above (Sundqvist, 1976) . As a third route, micro-organisms may directly invade the pulp from the periodontal pocket via accessory canals, the so-called endodontic-periodontic lesion, although the importance of this pathway remains controversial (Seltzer et al., 1963; Mazur and Massler, 1964; Langeland et al., 1974; Smukler and Tagger, 1976) . The necrotic root canal represents a stringent ecological niche for bacterial growth, due to the lack of oxygen and the availability of host tissues and tissue fluids as the primary nutrient source (Sundqvist, 1992) . Microbiological studies of chronically infected root canals are in general agreement that the microbial population is overwhelmingly anaerobic and Gram-negative (Sundqvist, 1976 ; for reviews, Farber and Seltzer, 1988; Sundqvist, 1994) . Prominent isolates in both human and animal studies have included Prevotella, Porphyromona, Peptostreptococcus, Streptococcus, Enterococcus, Campylobacter, Fusobacterium, Eubacterium, and Propionibacterium (Farber and Seltzer, 1988) . Longitudinal studies in experimental animals have demonstrated that the proportion of obligate anaerobes increases, and that of facultative organisms decreases, with time after infection Yamasaki et al., 1992; Tani-Ishii et al., 1994) . Apical regions of the root canal contain a greater number of fastidious anaerobes in comparison with coronal regions. A similar constellation of bacterial species is prominent in both endodontic and periodontal lesions (Socransky et al., 1988) . Typically, a given root canal contains only 1 to 7 species, compared with several hundred in a periodontal pocket, reflecting the strong selective pressures operative in this micro-environment. Positive, mutually supportive, as well as competitive (negative) bacterial interactions also help to determine the nature of the emergent microflora. Strong positive associations have been noted between F. nucleatum and P. micros, among Porphyromonas endodontatis, Selenomonas sputigena, and Wolinella (Campylobacter) recta, and between P. intermedia and P. micros in root canals (Sundqvist, 1992) . Negative or no association was demonstrated for species of Streptococci, Propionibacterium, Capnocytophaga and Veillonella.
Virtually all bacterial species present in root canals must be considered pathogenic, in that they are capable of inducing periapical inflammation and bone destruction (Sundqvist, 1976; Tani-Ishii et al., 1994) . Some combinations are clearly more potent in this regard than others, with species of 'Bacteroides' (Prevotella and Porphyromonas), Fusobacterium, and Peptostreptococcus strongly linked to increased periapical destruction (Sundqvist, 1994) . Fabricius et al. (1982b) demonstrated that infection of root canals with Enterococcus faecalis alone induced little periapical destruction, whereas combinations of E. faecalis with S. milleri and A. bovis were highly pathogenic. Mixed infections with B. oralis and P. anaerobius stimulated larger areas of periapical destruction than did pure cultures of S. milleri or B. oralis. These observations were confirmed and extended in a later study in which the combination of S. milleri, P. anaerobius, B. oralis, and F. necrophorum was shown to be highly destructive, whereas the substitution of F. necrophorum with F. nucleatum significantly reduced the pathogenicity of the mixture (Dahlen et at., 1987) . Several studies have found strong correlations between infection with black-pigmented Porphyromonas and Prevotella species and acute symptoms, including pain and sinus tract formation (Griffee et al., 1980; Sundqvist et at., 1989) . The importance of black-pigmented organisms in the pathogenicity of root canal infections is reminiscent of earlier studies in which these organisms were found to be critical in inducing abscess formation at cutaneous sites (Socransky and Gibbons, 1965; Sundqvist et al., 1979) .
Black-pigmented and other micro-organisms produce an array of virulence factors which may contribute to their pathogenicity, including proteolytic enzymes, cytotoxins, and hemolysins (for reviews, see Socransky and Haffajee, 1991; Holt and Bramanti, 1991) . However, ubiquitous cell wall components which are common to many microorganisms-such as endotoxin (lipopolysaccharide, LPS) from Gram-negatives, proteoglycans from Gram-positives, and other cell wall components-must also be considered to constitute virulence factors. In particular, LPS has been shown to stimulate bone resorption in vitro (Hausmann et al., 1970) and in vivo (Umezu et al., 1989) . A correlation has been reported between the levels of LPS in root canals and the presence of periapical lesions (Schein and Schilder, 1975; Dahlen and Bergenholtz, 1980; Schonfeld et al., 1982) . The levels of endotoxin increase in periapical tissues from 1 to 70 days after pulp exposure in the rat model (Yamasaki et al., 1992) . The direct application of S. minnesota, E. corrodens, and E. coli LPS to the pulps of dogs has been shown to induce periapical inflammation and bone destruction (Pitts et al., 1982; Mattison et al., 1987) . It must be stressed, however, that much if not all of the pathogenic effect of LPS appears to be indirect, and is mediated by the LPS-induced production of interleukin 1 (IL-1), prostaglandin E2 (PGE2), and possibly other mediators by host cells as discussed in more detail below (IV) (Umezu et al., 1989; Ishiharaetal., 1991) .
TRAUMA AND IATROGENIC CAUSES As noted above, physical trauma to the tooth, or operative dental procedures which result in dentinal fluid desiccation or significant heat transfer, may cause sufficient damage to the pulp and its blood supply, resulting in acute pulpal inflammation (Kim and Trowbridge, 1987) . This immediate-type response involves the production of endogenous inflammatory mediators, including kinins, neuropeptides, and prostaglandins (PGs), which stimulate increases in vascular permeability, stasis, and leukocyte extravasation. The resultant compromised circulation, in turn, facilitates hematogenous pulpal infection via anachoresis. Interestingly, in cases in which the trauma is very severe and interruption of the pulpal blood supply is more or less instantaneous, pulps become necrotic but are usually not infected, since blood-borne bacteria have no opportunity to colonize the damaged tissue. Thus, a proportion of the teeth in studies by Sundqvist (1976) was non-vital but remained non-infected.
Although there is a clear causative relationship between pulpal infection and periapical inflammation, the question remains whether periapical pathology can be induced in the absence of infection. Can non-microbial substances, such as root canal filling materials (sealers, cytotoxic 'medicaments', and filling materials such as N2), induce periapical destruction? The classic study by Brynolf (1976) , using human cadaver material, demonstrated that the vast majority of clinically successful root canal treatments exhibit histological evidence of inflammation. Many studies in the literature report that pulpal inflammation is induced by filling materials applied to unlined cavitv preparations (lendresen and Trowbridge, 1972; Kim and Trowbridge, 1987) . However, in most of these investigations, it has been unclear whether the observed inflammation was due to the direct toxic effects of the materials or was primarily the result of marginal leakage and exposure of the pulp to saliva-borne bacteria and bacterial components (Cox ef al., 1987; Kim and Trowbridge, 1987; Felton et al., 1989) . Most evidence now favors the latter interpretation; thus, the microbiological status of the pulp and root canal is of paramount importance in the evaluation of these findings.
Despite these provisos, some well-controlled studies do suggest that endodontic filling materials may in fact induce periapical inflammation directly (Langeland et al., 1985; Pascon et al, 1991) . When such materials are forced through the apical foramen and into tissues, a foreign body reaction occurs, characterized by a leukocytic infiltrate and the presence of macrophages, multinucleated macrophage polykaryons ('foreign body giant cells'), and other chronic inflammatory cells. Even in instances in which materials are not grossly translocated into the periapical region, inflammation is observed in most cases, at least histologically (Pascon et al., 1991) . In a study involving 121 teeth with vital pulps in baboons all sealers evaluated-including AH26, Kerr, and Kloropercha N.O.-stimulated inflammatory responses, despite the apparent absence of bacteria (Pascon et al., 1991 ) . One day after obturation, a neutrophilic infiltrate was prominent, with the greatest responses induced by a eugenol-containing sealer (Kerr). At 7 and 30 days, the infiltrate became more chronic, and included macrophages, lymphocytes, and plasma cells, although these cells were identified only by morphology and not by cell-surface markers. Particles of sealing materials were present in the apical and periapical regions. Various degrees of inflammation persisted for up to three years after obturation. In a similar study (Holland, 1994) , root canal treatment was performed under aseptic conditions on ferret canine teeth with vital, uninfected pulps. Canals were sealed with gutta percha and a eugenol-containing sealer (Grossman's) or with SealapexTM, a calcium-hydroxide-based formulation that contains no eugenol. After 3 months, all 12 teeth treated with Grossman's sealer developed periapical inflammatory lesions, as determined histologically, with some lesions exhibiting significant bone and root resorption and epithelial proliferation. In contrast, only 3/12 teeth treated with the non-eugenol-containing sealer evidenced lesions, which were quite small, and 9/12 teeth showed no evidence of inflammation. Of interest, the periapical pathology induced by Grossman's sealer was not so extensive as to be detectable radiographically, which might have led to the erroneous conclusion of lack of pathology, had histology not been performed (R. Holland, personal communication) . The inflammatory infiltrate was not characterized phenotypically, but appeared to contain lymphocytes as well as PMNs. The irritant properties of eugenol and eugenol-containing materials are also well-documented in studies of tissue implantation (Erausquin and Muruzabal, 1967; Brodin, 1988; Pascon et al., 1991) and in vitro cytotoxicity (Hensten-Pettersen and Helgeland, 1977; Crane et al., 1980; Hume, 1984; Araki et al., 1993) .
The reported presence of lymphocytes and plasma cells in these biocompatibility studies suggests that antigen-specific immune responses are induced against such materials, or against components of the materials acting as haptens. Studies by Block and co-workers (1982a,b) (Campbell et al., 1978; Torabinejad et al., 1979; Gutierrez et al., 1986) . It is thus unlikely that systemic sensitization occurs to such compounds; rather, residual inflammation after treatment probably reflects non-specific inflammatory effects or the presence of residual bacteria and their components. Hahn et al., 1989) . Plasma cells are absent (Pulver et al., 1977) .
Early pulpal responses to pulp exposure and bacterial invasion and/or the diffusion of bacterial products through dentinal tubules include the influx of polymorphonuclear leukocytes (PMNs) (Bergenholtz and Lindhe, 1975; Warfvinge et al., 1985) and monocytes (Bergenholtz et al., 1991) . As the infection progresses, the cellular infiltrate becomes more intense and assumes a typical 'mixed' character, consisting of T4+ (T-helper) and T8+ (Tcytotoxic/suppressor) T-cells, B-cells, and plasma cells as specific elements, along with PMNs, monocytes, and natural killer (NK) cells as non-specific components (Pulver et al., 1977; Hahn et at., 1989) . The levels of IgG and IgA are elevated (Speer et al., 1977) , and antibodies are present which are reactive with micro-organisms isolated from deep caries (Hahn and Falkler, 1992) . Generally, these mechanisms are unable to clear the infection; tissue destruction proceeds with the formation of small abscesses and necrotic foci in the pulp (Hahn et al., 1989) which eventually progress to total pulpal necrosis.
PERIAPICAL RESPONSES The periapical 'lesion' represents a local immune response to infection of the pulp and may be viewed, teleologically, as a second line of defense, the purpose of which is to localize the infection within the confines of the root canal system (Stashenko, 1990) (Fig. 1) . In many respects, the genesis of the periapical inflammatory response recapitulates the pulpal response to infection, with the exception that periapical bone destruction also occurs. In the rat pulp exposure model, the earliest response in the periapex to frank pulp exposure appears to involve an influx of PMNs and monocytes between days 0 and 3 after pulp exposure (Akamine et al., 1994; Okiji et al., 1994; Kawashima et at., 1996) . Periapical inflammatory infiltrates, increased osteoclast numbers, and bone destruction are apparent well in advance of total pulpal necrosis, with vital pulp tissue still present in the apical portions of the root canal (Yamasaki et al., 1994a; Stashenko et al., 1995) . This finding explains the common clinical observation that vital tissue (and pain) may occur even in teeth with radiographic evidence of periapical bone destruction. It also strongly suggests that many of the pathogenic effects of pulpal infections on periapical tissue are indirect, and operate via stimulation of host-derived soluble mediators such as cytokines rather than by direct necrotizing effects of bacteria on tissue.
Many studies have described the inflammatory cell infiltrate in chronic periapical lesions in both human and non-human models. These reports demonstrate that, similar to the pulp, a mixed infiltrate consisting of T-and B-lymphocytes, PMNs, macrophages, plasma cells, NK cells, eosinophils, and mast cells is present (Stern et al., 1981 (Stern et al., , 1982 Cymerman et al., 1984; Nilsen et al., 1984; Gao et al., 1988; Kopp and Schwarting, 1989; Stashenko and Yu, 1989; Marton and Kiss, 1993; Kawashima et al., 1996) . The inflammatory infiltrate constitutes approximately 50% of the cells present in periapical granulomas, with non-inflammatory connective tissue cells, including fibroblasts, vascular endothelium, proliferating epithelium, osteoblasts, and osteoclasts comprising the balance (Langeland et al., 1977; Yu and Stashenko, 1987) . Studies are divided regarding the predominant infiltrating cell type in periapical lesions, with either lymphocytes (Stern et at., 1982; Bergenholtz et at., 1983; Nilsen et al., 1984; Kontainen et al., 1986; Yu and Stashenko, 1987) or macrophages (Stern et al., 1981; Kopp and Schwarting, 1989; Kawashima et al., 1996) most often reported to be most numerous. T-cells have consistently been found to outnumber B-cells (Torabinejad and Kettering, 1985; Kontainen et al., 1986; Yu and Stashenko, 1987) . Several studies have also identified large numbers of PMNs (Kontainen et al., 1986; Yu and Stashenko, 1987) . In most studies, B-cells, plasma cells, NK cells, eosinophils, and mast cells have been reported to constitute numerically minor components.
Both T-helper (TH) and T-suppressor (TS) cells have been identified (Cymerman et al., 1984; Nilsen et al., 1984; Torabinejad and Kettering, 1985; Kontainen et al., 1986; Matthews and Browne, 1987; Barkhordar and Desouza, 1988; Gao et al., 1988; Kopp and Schwarting, 1989; Stashenko and Yu, 1989; Lukic et al., 1990; Matsuo et al., 1992) . The relative concentrations of these subsets are controversial, with several studies reporting that TS cells are increased relative to TH cells in chronic lesions, with a resultant TH/TS ratio of -1.0 or less, compared with a TH/TS ratio of -2.0 in peripheral blood (Torabinejad and Kettering, 1985; Kontainen et al., 1986; Stashenko and Yu, 1989) . A decreased TH/TS ratio is similar to findings in chronic periodontal tissues, in which a lowered ratio was found to correlate with increased pocket depth (Stoufi et at., 1986) .
Several laboratories have used a rat model of pulpal and periapical pathology induced by surgical pulp exposure and infection from the oral environment (Kakehashi et al., 1965; Yu and Stashenko, 1987; Kawashima et al., 1996) . In this model, pulpal necrosis is initiated on day 2 and is followed by periapical bone destruction beginning at about day 7. A period of rapid destruction occurs between days 7 and 20 (active phase), with slowed resorption thereafter (chronic phase) (Yu and Stashenko, 1987; Stashenko and Yu, 1989; Kawashima et alt, 1996) . Kinetic studies suggest that, after the first several days, there are few differences in the cell infiltrate with time after pulp exposure. A notable exception is that TS cells increase, relative to TH cells, with increasing lesion chronicity (Stashenko and Yu, 1989. Kawashima et al., 1996) . This finding may reflect the genesis of a specific T-cell response, in that TH cells are initially activated to proliferate by exposure to antigen, and subsequently induce TS cell activation (Morimoto et al., 1985) . Since the TH/TS ratio generally reflects the net immunoregulatory activity of the T-cell compartment, this finding suggests that TS cells may serve to dampen excessive immunoreactivity in periapical lesions. Pulver et al. (1978) were the first to demonstrate immunoglobulin-producing cells in periapical lesions, with IgG-positive cells being the most prominent (70%), followed by IgA (14%), IgE (10%), and IgM (4%). Similar findings have been obtained in subsequent studies (Yanagisawa, 1980; Stern et al., 1981; Matthews and Mason, 1983) . Higher levels of IgG and IgA have been found in large compared with small lesions (Matsuo et al., 1995) . As noted above for pulp, at least a proportion of this locally produced antibody is reactive with infecting micro-organisms (Baumgartner and Falkler, 1991; Kettering et al., 1991) . Explant cultures of periapical tissues were shown to produce the highest levels of antibody against common endodontic pathogens, including P intermedia, P. endodontalis, P. gingivalis, P. micros, A. israelii, Staphylococcus intermedius, and F. nucleatum. Antigens within the root canal are also capable of stimulating a systemic antibody response. This was first demonstrated by Barnes and Langeland (1966) , who showed that the introduction of bovine serum albumin and sheep erythrocytes into the root canals of monkeys resulted in systemic antibodies against both antigens. Subsequent studies (Dahlen, 1980; Dahlen et al., 1982a) confirmed systemic antibody responses to LPS and other bacterial antigens. Taken together, these observations suggest that both locally and systemically produced anti-bacterial antibodies may help to protect the periapex against bacterial invasion, through opsonization or complement-mediated lysis.
Kinetic studies have failed to demonstrate a quantitative correlation between the number of antibody-producing cells and periapical lesion expansion in the rat model (Yu and Stashenko, 1987; Akamine et al., 1994) . There are nevertheless several antibody-mediated mechanisms which could potentially contribute to periapical destruction. The binding of antibodies to bacterial antigens and the resultant formation of antigen-antibody complexes suggest the possible participation of complex-mediated hypersensitivity in periapical pathogenesis. In this regard, immune complexes are capable of stimulating periapical bone destruction (Torabinejad and Kiger, 1980) . The presence of complement components has been observed in lesions (Pulver et al., 1978; Yanagisawa, 1980) . Complement fixation and the generation of cleavage products (C3a, C5a) may stimulate PMN chemotaxis. Potentially destructive by-products of PMNs include elastase, cathepsin-G, and leukotriene B4, all of which are elevated in inflamed pulps (Okiji et al., 1992; Cootauco et al., 1993) . The presence of mast cells suggests that, in combination with IgE, anaphylactic hypersensitivity reactions may also occur in the periapex (Mathiesen, 1973; Pulver et al., 1978; Perrini and Fonzi, 1985; Marton and Kiss, 1993) . Taken together, these analyses reveal that essentially all inflammatory cell types which mediate both nonspecific and specific immune responses infiltrate the pulp and periapical region in response to infection. These cells mediate the entire spectrum of immune responses, including PMN and macrophage activation, delayed-type hypersensitivity (DTH; TH and macrophages), cytotoxic reactions (TS, NK cells), immune complex and complement-mediated hypersensitivities (IgG, IgM), and anaphylactic responses (IgE), as well as cytokine production by lymphocytes, macrophages, and host connective tissue cells, and arachidonic acid metabolites and kinins by many cell types. At present, there is little if any direct evidence concerning which of these components in fact protect against pulpal and periapical infections, and which primarily contribute to pulpal and periapical inflammation and destruction. Some of the studies which have approached these questions, using immunodeficient and transgenic animals, are discussed below (Sec. V). A98-521 (1998) the migration of PMNs and monocytes (Kawashima et al., 1996) . Chemokines such as IL-8 and monocyte chemoattractant peptide-(MCP-1) are present in periapical tissues and are likely to be involved in stimulating periapical leukocyte infiltration (Rahimi et al., 1995) . Other leukocyte chemokines, including GROc-and 3, RANTES, IP-10, and Mip-lco and -11, which participate in inflammatory lesions at other sites, have not yet been evaluated in periapical lesions.
Interleukin-1 o (IL-la), IL-I , tumor necrosis factor-a (TNFox), TNFI, interleukin-6 (IL-6), and interleukin-l 1 (IL-I I) possess bone-resorptive activity, and collectively comprise the entity formerly termed osteoclast-activating factor (OAF) (Dewhirst et al., 1985; Bertolini et al., 1986; Ishimi et al., 1990; Girasole et al., 1994) . In humans, IL-1,B constitutes most OAF activity (Dewhirst et al., 1985; Lorenzo et al., 1987) , reflecting both its high-level expression and pharmacologic potency, with a half-maximal activity in the low-nanomolar range (Stashenko et al., 1987a) . IL-13 and IL-lc are 500-and 25-fold more potent in stimulating bone resorption, respectively, than the TNFs (Stashenko et al., 1987a) . IL-1Ix appears to predominate in rodent models, indicating species differences in quantitative expression of the two IL-1 isoforms. At sites of inflammation, including periapical lesions (Tani-Ishii et al., 1995) , IL-1 and TNFx are expressed early in response to infection, and subsequently induce the production of downstream mediators such as IL-6 and IL-8. IL-1 and TNFc. are expressed in large quantities by macrophages, as well as by many other cell types, including keratinocytes (Auron et al., 1987) , fibroblasts (Del Pozo et al., 1990) , osteoblasts (Dinarello, 1988) , and osteoclasts . Resorption stimulated by all of these cytokines is partially indomethacininhibitable, indicating that they act through both prostaglandin (PG)-dependent and PG-independent pathways of cytokine-induced osteoclast activation (Stashenko et al., 1987a) . In addition to bone resorption, IL-I and TNFa possess an overlapping constellation of activities which are also pertinent to periapical tissue destruction, including induction of PGE2 (Saito et al., 1990 ) and matrix metalloproteinases (Meikle et al., 1989) , and inhibition of bone formation (Bertolini et al., 1986; Stashenko et al., 1987b) .
A direct investigation of the role of cytokines in periapical inflammation and bone resorption has been possible with the rat model of induced lesions. In studies from our laboratory, IL-lcx and TNFox mRNA and protein have been identified in infected pulp as early as 2 days after exposure, with high levels found in developing periapical lesions beginning on about day 7. In contrast, IL-113 was present in only low levels, and TNF1 was not detectable (Tani-lshii et al., 1995; Wang et al., 1997) . Boneresorbing activity was present in extracts of periapical tissues, with the highest levels found during the active phase of lesion expansion, and lower levels during the chronic phase (Wang and Stashenko, 1991) . Most resorptive activity was neutralized by antibodies against IL-Iox but not TNFOL in both active and chronic lesions, suggesting that quantitative rather than qualitative differences in mediators determine lesion expansion rate (Wang and Stashenko, 1993a) . In contrast, approximately 10-15% of bone-resorptive activity was due to the direct action of PGE2, whereas TNFcx, despite its highlevel expression, failed to exert significant activity. This finding probably reflects its relatively low resorptive potency. Finally, specific inhibition of IL-1 in vivo by infusion of rats with IL-1 receptor antagonist over a 14-day period inhibited lesion development by approximately 60% , establishing the functional relevance of IL-lc-in periapical bone destruction in this model.
Pro-inflammatory cytokines, including IL-11, IL-lo-, TNFot, and IL-6, have also been identified in chronic human lesions. IL-13 is present in inflamed human pulp and periapical tissue, but not in normal pulp (D'Souza et al., 1989; Barkhordar et al., 1992) . The level of IL-13 in human periapical exudates was twice that of IL-lca (Matsuo et al., 1994) , and there was a trend for higher levels of IL-1,B in periapical lesions from symptomatic vs. asymptomatic teeth (Lim et al., 1994) . Of interest, IL-,13 in exudates declined following treatment, whereas IL-lot was increased, suggesting that 1L-l may be primarily associated with pathology. TNFcx has also been identified in periapical exudates (Safavi and Rossomando, 1991) . Explants of radicular cysts have been shown to produce an IL-I-like activity (Meghji etal., 1989) , and more recently IL-lcx and IL-13 were localized by immunochemistry primarily to epithelial and endothelial cells within cysts (Bando et al., 1993) . IL-6, another resorption-stimulating molecule, has been detected in the cells (Bando et al., 1993) and fluid of radicular cysts (Formigli et al., 1995) . Preliminary data indicate that IL-1I is also present in periapical inflammatory tissues (N. Kawashima and P Stashenko, unpublished observations). Extracts of human periapical lesions also contain significant boneresorbing activity, whereas normal pulp does not (Wang and Stashenko, 1993b) . This activity was neutralized by anti-IL-113 and anti-TNF13, but not anti-IL-l c or antiTNFc, antibodies. Taken together with the above, these data indicate that, in humans, IL-13 may be of major importance in mediating periapical bone resorption. In contrast to data from the rat model, findings with human material are necessarily correlative, and derive from chronic lesions of unknown duration and expansion status.
ARACHIDONIC ACID METABOLITES
Products of arachidonic acid metabolism have been correlated with pulpal and periapical inflammation. PGE2 is present in elevated concentrations in pulps from symp-
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Crit Rev Oral Biol Med 9(4):498-521 (1998) tomatic compared with asymptomatic teeth , and in acute vs. chronic periapical lesions Parasymp, (McNicholas et al., 199 1) . Experimentally induced inflammation of the dental pulp increases production of 6-keto-PGFI ax, thromboxane B2' and leukotriene C4 (Lessard et al., 1986) . Okiji et al. (1987) found that the application of bacterial LPS to pulps increases the production of all arachidonic acid metabolites. PGs increase vascular permeability (Okiji et al., 1989) as well as bone resorption in periapical tissues (Wang and Stashenko, 1993a) . Approximately 60% of the bone-resorbing activity stimulated by IL-lcx in the rat model is indomethacin-inhibitable, reflecting the finding that IL-1 -induced resorption is in part dependent on PGE, synthesis and upon the synergy between L-I and PGE2 (Dewhirst et al., 1989) . In experiments in which the Monocyte deposition of immune complexes in the root canals of cats induced periapi-CGRP cal bone destruction, indomethacin was found to block the development of such lesions (Torabinejad and Kiger, 1980) . The participation of PGE2 in Figure 2 . Pathwc periapical destruction in vivo is also responses, includir indicated in the study by Oguntebi et al. activation. The ro (1989), who showed that indomethacin-endogenous opioi treated rats had milder inflammatory changes and less bone resorption compared with controls. The latter data are similar to those obtained from periodontal disease studies, in which long-term administration of the cyclooxygenase inhibitor flurbiprofen suppressed naturally occurring periodontal destruction in beagles by 60-70% (leffcoat et al., 1986) .
Paradoxically, infusion of PGE2 in vivo has actually been found to increase bone formation rather than stimulate bone resorption (Chyun and Raisz, 1984) , and inhibitors of PGE2 production such as ibuprofen inhibit fracture repair (Bo et al., 1976) . The local delivery of PGE1 has been shown to induce regeneration of cementum, alveolar bone, and periodontal ligament in dogs (Marks and Miller, 1994) . Given that PGs appear to act largely through synergy with other mediators, it may be that their primary effect is to upregulate the sensitivity of osteoblasts and osteoclasts to other signals, whether they be resorptive, such as pro-inflammatory cytokines, or formative (bone growth factors).
KININS AND NEUROPEPTIDES
The pulpal and periapical innervation, in addition to Dalsgaard, 1987) . CGRP-containing sensory fibers are also closely associated with reparative dentin formation . Although neurogenic mechanisms have been most extensively studied in the pulp, pulpal necrosis as a result of infection or injury also leads to a local proliferation of sensory nerve fibers in the periapical region (Martinelli and Rulli, 1967; Lin and Langeland, 1981 , Holland, 1988 ; Khayat etal, 1988 ; Kimberly and Byers, 1988; Byers et al., 1990 ).
Neuromodulation of periapical inflammation is therefore likely to be similar to the phenomena observed in the pulp, given the similarity of the nerve fibers present and their neuropeptide content.
In addition to CGRP (Uddman et al, 1986) , dental sensory nerves produce the peripheral neuropeptides substance P (SP) (Olgart et al, 1977) and neurokinin A (NKA) (Wakisaka et al, 1988) . Vasoactive intestinal peptide (VIP) and neuropeptide Y (NPY) are expressed by parasympathetic (Uddman et al. 1980 ) and sympathetic fibers, respectively (Uddman et a)l, 1984) . Neuropeptides are synthesized in the nerve cell bodies of the trigeminal ganglion, and are transported to the periphery by axonal ,streaming', to be stored in the terminal nerve branches.
Neuropeptides are released into the pulp and periapical tissue via the axon reflex, in response to electrical, mechanical, chemical, or immunological stimuli (Olgart etil, 1977) . SP, CGRP, and VIP all induce increased vasodilatation and pulpal blood flow (Burcher et a)l, 1977; Fahrenkrug, 1982 , Brain et al., 1985 ; Heyeraas et al 1994) (Fig. 2) and are found in elevated concentrations at sites of inflammation (Arnalich et al., 1994) . In the pulp, CGRP is present at 17-fold greater levels than SP (Hargreaves et al, 1992) , suggesting that its activities may predominate over those of other neuropeptides in regulating pulpal and periapical inflammation. NPY exerts opposite, vasoconstrictor effects (Edwall et al., 1985) . 5-HT is released mainly from platelets, possibly in response to SP and CGRP from sensory nerve termini, and also reduces pulpal blood flow (Kim et at., 1992) . Stronger, more prolonged stimuli lead to plasma and leukocyte extravasation from blood vessels, with resultant tissue edema, a process mediated by SP but not by CGRP, through a nitric-oxide-independent mechanism (Kerezoudis et cil, 1994) . SP stimulates the release of histamine from mast cells, which in turn results in increased bradykinin production. Bradykinin, histamine, and POE) all stimulate increases in pulpal vascular permeability (Inoki ct al., 1973) . CGRP and SP stimulate PMN and monocyte chemotaxis, and SP also increases phagocytosis and oxidative metabolism (Bar-Shavit ci al., Hartung and Toyka, 1983; Roch-Arveiller etcial., 1986) . CGRP synergizes with IL-l3 in stimulating tissue edema and PMN migration (Buckley et a)l, 1991; Ahluwalia and Perretti, 1994) . Finally, several of these mediators may also exert direct effects on bone. Bradykinin stimulates bone resorption, an activity which appears to be completely PG-dependent (Lerneretial., 1987) . In contrast, CGRP, like calcitonin, inhibits IL-lce-stimulated bone resorption at concentrations of 10-8-10-9 M, causing a similar retraction of pseudopodia and reduction of osteoclast surface area (Zhang et al., 1994) .
The endogenous opioid system constitutes an important negative regulator of neurogenic inflammation. Bradykinin induces the production of opioid peptides, e.g., methionine enkephalin (Met-enk) and leucine enkephalin (Leu-enk), by pulpal cells (Kudo et al., 1982) .
The enkephalins feed back and inhibit bradykinin production (Kudo et al, 1986) . f-endorphin and Met-enk are also expressed by T-and B-lymphocytes and monocytes at sites of inflammation, but not in uninflamed tissues (Przewlocki et al, 1992) . As discussed below (Sec. V.), SP and CGRP, as well as endogenous opioids, modulate immune responses and hence indirectly regulate periapical inflammation.
(V) Modulation of Periapical Inflammation
The direct effectors of periapical inflammation include cytokines, arachidonic acid metabolites, neuropeptides, and other endogenous mediators. The production and/or action of these mediators is, in turn, regulated by several factors, including (1) other cytokines and (2) the efficacy of various components of the immune system in combating the infection, which in turn is profoundly affected by (3) the neural system. Some of these interrelationships and their potential relevance to periapical inflammation are explored in the following pages.
REGULATION OF PRO-INFLAMMATORY CYTOKINES: THE CYTOKINE NETWORK
In virtually all tissues, the expression and action of the pro-inflammatory/bone-resorptive mediators, in particular the central mediator IL-1, are potentially regulated by a network of other cytokines (Fig. 3) . Although complex, this network may be more readily understood in the context of the two major T-helper cell subsets, ThI and Th2, which produce and/or respond to groups of these mediators possessing similar activities (Mosmann, 1991) . Th I cells mediate delayed-type hypersensitivity, produce IFN-y, IL-2, TNFot, and GM-CSF, and are upregulated by monocyte-derived IL-12. Th2 cells promote the proliferation and differentiation of B-cells to antibody-producing plasma cells, and Th2 cytokines include IL-2, IL-4, IL-5, IL-6, IL-10, and IL-13. These subsets are cross-regulatory, and their cytokines are antagonistic, acting to inhibit the proliferation and cytokine production of the opposing subset. A model for the operation of such a network in periapical inflammation predicts that the T-helper type I (Th I) subset upregulates IL-I and other pro-inflammatory cytokines, whereas inhibitors of IL-1 are Th2 subsetrelated (Fig. 3) . Therefore, the cytokines likely to exert the most profoujnd influences on IL-I production and action include: IL-12, IFNy, TNFcx, and IL-1 itself as inducers, and IL-4. IL-6, IL-10, and IL-13 as suppressors. Recent work has identified the mRNAs for many of these regulatory cytokines in murine periapical lesions by polymerase chain-reaction (N. Kawashima and P. Stashenko, unpublished findings). However, much additional work is required if the components of this network which are operative in periapical inflammation are to be precisely defined.
Other molecules may also play key roles in this network. As discussed in more detail below, TGF3 is a powerful negative regulator of inflammatory responses. ILlra and soluble IL-1 receptors (particularly IL-IR type II, which does not transduce signals) competitively inhibit I L-I activity (Seckinger et a)., 1990; Colotta et al., 1993) . ILIra inhibits periapical resorption . Other soluble cytokine receptors (e.g., sIL-4R) may have an impact on the network by antagonizing regulatory cytokines (Garrone et al., 1991; Maliszewski et al., 1994) .
Regulation may also be exerted at the effector level. Thus, IFNy and IL-4 have both been shown to inhibit IL-1-stimulated bone resorption, at least in vitro (Takahashi etal., 1986; Watanabeetal., 1990) .
Members of the transforming growth factors type beta (TGF-j) superfamily are critical regulators of cell growth, differentiation, repair, and inflammation (Massague et al., 1992; Roberts and Sporn, 1992; Wahl, 1992) . As the principal isoform expressed by platelets and leukocytes, TGF-13 is of particular importance in regulating inflammation with effects that are predominantly immunosuppressive (Wahl, 1992; Wahl and Kulkarni, 1996) . Microbial products, the host response to antigens, and tissue injury itself all stimulate the production of TGF-4I. Paradoxically, in early phases of the inflammatory response, TGF3Il is a chemoattractant for monocytes and lymphocytes, recruiting them to the site of injury. However, TGFj1 subsequently exerts potent suppressive effects on the proliferation and differentiation of both T-and B-lymphocytes (Wahl, 1994) . It furthermore inhibits the production and antagonizes the biological activities of IL-1, IL-2, IL-6, TNFox, and lFN-y (Espevik et al., 1990) . TGFI1 also downregulates the expression of cell adhesion molecules on vascular endothelium and leukocytes (Wahl et al., 1993) , inhibits antibody secretion (Kehrl et al., 1991) , and blocks nitric oxide production by macrophages (Vodovotz et al., 1993) .
Genetically engineered TGFI -deficient knockout mice (TGFI1-/-) have helped to clarify the role of this molecule in pulpal and periapical inflammation.
Although normal at birth, TGFPI-/-rapidly develop a multifocal inflammatory response characterized by a dense infiltration of lymphocytes and macrophages in virtually all major organ systems, as well as in the dental pulp and periapical region (D. Ho, R. D'Souza, unpublished observations) (Fig. 4) . This widespread immune system activation results in a severe wasting syndrome and death as early as two weeks after birth (Kulkarni et al., 1993) . The progressive infiltration is a T-cell-dependent process that is also associated with increased myelopoiesis, and with elevated secretion of ThI-type cytokines IFNy, TNFox, and IL-2 (Schull et al., 1992) . Histopathologically, the progressive lymphocytic infiltrates resemble those seen in human autoimmune diseases such as Sjbgren's Syndrome (Yaswen et al., 1996) . It has therefore been suggested that the immunopathology is secondary to an inability to establish or maintain normal immunologic tolerance (Kulkarni and Letterio, 1998 ).
TGFP1-/-animals crossed onto background strains which lack T-cells, including severe combined immunodeficiency (SCID) and athymic nude, show dramatically decreased levels of inflammation and relatively normal life spans (Diebold et al., 1995) . Such animals lack pulpal and periapical infiltrates (Fig. 4) (Farber and Seltzer, 1988, Haffajee and Socransky, 1994 , for reviews), a similar immunopathology including cell infiltrate and cytokine expression (Torabinejad ot il, 1985; Ebersole and Taubman, 1994; Stashenko (t al, 1994 , for review), and the same pathologic endpoint, the destruction of soft and hard tissue However, clear distinctions also exist-for example, the presence of an epithelial barrier which segregates the infecting micro-organisms from the immune system in periodontitis.
Immunodeficiencies fall into two broad categories, depending on whether they primarily aflect the nonspecific or specific immune responses. In general, individuals with defects in non-specific phagocytic leukocytes, including neutrophils and monocytes, have increased susceptibility to bacterial infections, including periodontitis (Van Dyke and Hoop, 1990; Crawford and Watanabe, 1994) In contrast, patients with defects in specific immunity, with diminished T-or B-cell num- 
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Crit Rev Oral Biol Med 9(4):498-521 (1998) bers or function, exhibit periodontal disease which is similar to or less than that experienced by normal agematched individuals (Tollefson et al, 1978; Robertson et al., 1980; Sutton and Smales, 1983; Leggot et al., 1987; Dahlen et al. 1993 ). An exception may be the periodontopathic syndrome which occurs in a proportion of HIVinfected individuals, although the pathology appears to be somewhat atypical and may not be identical to that in other periodontal diseases (Winkler and Murray, 1987) . Individuals with PMN defects, including chronic granulomatous disease, cyclic neutropenia, PapillonLefevre Syndrome, Chediak-Higashi syndrome, and leukocyte adhesion deficiencies, have been reported to experience an increased incidence and severity of periodontal destruction (van Dyke et al., 1984; Cohen MS, et al., 1985 . Waldrop et al., 1987 . Such individuals receive antibiotic therapy yet manifest increased disease, reflecting the severity of the host defect. Perhaps best studied are the leukocyte adhesion deficiencies (LADs), of which there are currently two recognized types (Springer et al., 1984; Anderson and Springer, 1987; von Andrian et al., 1993) . LAD-I is due to mutations in the J2 integrin, while LAD-II is secondary to defects in the fucosylation of the ligands for selectins. Both syndromes result in an inability of PMNs to emigrate from the vascular system into tissues. All patients with LAD-I and -II present with severe infections and leukocytosis, but fail to form pus. In addition, they exhibit early onset, or pre-pubertal, periodontal disease (Bowen et al., 1982; Page et al., 1983; Etzioni et al 1992; von Andrian et al., 1993; Schenkein and Van Dyke, 1994) .
Although not yet investigated, it might be anticipated that LAD patients are also more susceptible to the progression of pulpal infections and to increased periapical destruction.
Conflicting data have been obtained from animal models used for the investigation of the role of PMNs in periapical inflammation. Kawashima et al. (1993) reported that administration of cyclophosphamide (CP), which causes severe neutropenia, resulted in increased periapical bone destruction and an absence of PMNs in the infiltrate of these lesions in rats. Bacteria were observed both in the pulp and in the periapical regions of CP-treated animals, indicating increased bacterial egress from the root canal system in the absence of PMNs. In contrast, Yamasaki et al. (1994b) reported that methotrexate treatment, which also resulted in decreased PMNs, inhibited periapical lesion development in the same model. Although in both studies the effects of the immunosuppressive agent were correlated with neutropenia, they are complicated by the fact that CP and methotrexate may also affect the production and responses of lymphocytes. In periodontal disease models, CP-treated animals experienced greater alveolar bone loss as well as septicemia, compared with controls (Sallay et al 1982; Samejima et al., 1990) . Similar results were obtained in methotrexate-treated rats (Yoshinari et al., 1994) .
Given the importance of PMNs in bacterial resistance in general, it is not surprising that immune response modifiers (IRM) which enhance PMN function are effective in protecting the pulp against bacterial infection, and in reducing periapical inflammation. This has in fact been shown to be the case with PGG-glucan (soluble poly-3 1 -6-glucotriosyl-3 1 -3-glucopyranose glucan), an IRM derived from yeast . PGG-glucan increases host anti-bacterial responses without inflammatory side-effects, including a complete lack of pro-inflammatory cytokine production (IL-1, TNFc-) by macrophages and other cell types (Dinarello, 1990; Jamas et al, 1990; Onderdonk et al., 1992) . Systemic administration of PGG-glucan increases PMN production and primes phagocytic and bactericidal activity in vivo (Shah et al., 1990) . PGG-glucan has been shown to protect against lethal peritonitis in rats (Onderdonk et al., 1992) and post-surgical infections in humans (Babineau et al 1993) .
PGG-glucan reduces pulpal and periapical destruction in the rat exposure model (Kuby, 1992) . With few exceptions (Leggott et 9 (4) , 1987) , no increased risk of developing oral infections has been noted in immunodeficiencies which affect specific immunity (Robertson et al., 1980; Engstrom et al., 1992; Dahlen et al., 1993) . A general proviso in interpreting these studies is that most such patients receive chronic administration of antibiotics and/or gammaglobulins which may significantly suppress the oral microbiota and hence reduce inflammation (Loesche et al., 1981; Maltz and Zickert, 1982; Slots and Rosling, 1983; Dahlen et al., 1993) .
Animal models in which various components of specific immunity have been abrogated have been explored for effects on oral infections, including periapical disease. T-cell-deficient athymic nu/nu animals have yielded conflicting results. Nu/nu rats were reported to have periapical bone destruction similar to that exhibited by immunologically intact animals (Wallstrbm et al., 1993) , whereas in a similar study, nu/nu mice had significantly less periapical resorption than controls . Although the reason for this discrepancy is unclear, the nu/nu model is complicated by intact T-cell-independent antibody responses and the acquisition of T-cell function with increasing age. In addition, it is unclear whether immunodeficient and immunocompetent animals were subjected to an equivalent microbial challenge in these studies, since the former are typically maintained under pathogen-free conditions.
In a more recent investigation, a defined pathogenic bacterial inoculum was used to infect pulp exposures in RAG2 SCID vs. immunocompetent mice (Teles et al., 1997) . RAG-2 animals are genetic knockouts for the recombination activation 2 gene, and are unable to join V, D, and segments to generate functional immunoglobulin or T-cell receptors (Shinkai et al., 1992) . Cells involved in non-specific immunity, including neutrophils and monocytes, are intact and fully functional. By means of this model, approximately 1/3 of RAG2 animals were found to develop grossly evident orofacial abscesses, splenomegaly, and weight loss, whereas no immunocompetent animals exhibited these signs of systemic infection (Teles et al., 1997) . In addition, abscessed RAG2 animals had more local periapical bone destruction than did non-abscessed RAG2 or immunocompetent controls. Thus, animals lacking specific immune responses may have increased susceptibility to the dissemination of endodontic infections and the development of sepsis. These findings are anticipated by earlier data of Dahlen et al. (1982b) , in which immunized monkeys had periapical lesions which, although not different in size, were more circumscribed radiographically and histologically than the lesions in non-immunized animals. Furthermore, in non-immunized animals, the inflammatory infiltrate extended into the trabecular system of the bone, resembling osteitis or osteomyelitis. Taken together, these data suggest that specific immune responses may help to protect against systemic spread of infections from the root canal, but may otherwise have relatively minor modulatory effects on localized periapical bone destruction. In periodontal disease models, conflicting findings have been reported on the effects of specific immunity in T-cell transfer experiments (Yoshie et al., 1985; Yamashita et al., 1991; Eastcott et al., 1994) , immunization studies (Evans et al., 1992; Ebersole et al., 1991; Holt et al., 1995) , and in knockout mice (Baker et al., 1994) , with similar, increased, or decreased destruction reported. At present, it is difficult to reconcile these studies, given differences in experimental design and infecting micro-organisms.
HIV infection results in a profound depression in circulating CD4+ T-cells and a lack of cell-mediated immunity. A marked reduction in T4+ cells was observed in the periapical granuloma tissue from an HIV+ individual (Gerner et al., 1988) . Nevertheless, several studies have failed to find an increased incidence of post-treatment complications following endodontic therapy in HIV+ individuals, with only one "flare-up" reported in 113 procedures, a rate comparable with that experienced by healthy subjects (Cooper, 1993; Glick et al., 1994) . This is in contrast to the well-documented gingivitis and periodontitis which affects HIV+ individuals (Winkler et al., 1988; Winkler and Robertson, 1992; Holmstrup and Westergaard, 1994) .
NEURAL REGULATION OF IMMUNE RESPONSES
In addition to mediating neurogenic inflammation and their direct activities on bone (Sec. IV), there is compelling evidence that CGRP, SP, and other neuropeptides modulate local immune responses, thereby providing a functional link between the neural and immune systems (Payan et al., 1984a) . Specific receptors for SP, CGRP, VIP, and Met-enk are present on T-lymphocytes (Danek et al., 1983; Payan et al., 1984b) , and for CGRP on B-lymphocytes (McGillis et al., 1993) . The neural-immune relationship has been elegantly demonstrated in the dental pulp, in studies in which denervated teeth were shown to have significantly fewer infiltrating leukocytes than innervated teeth in response to dentinal injury (Fristad et al., 1995) .
SP generally upregulates immune and inflammatory responses. SP stimulates T-lymphocyte proliferation and synthetic activity (Payan et at., 1983) , including the production of IL-2, an activity which is exerted at very low concentrations (10-10O-14 M) (Rameshwar et al., 1993; Calvo et at., 1994) . SP increases the secretion of IL-1, TNFc-, and IL-6 from macrophages and mast cells (Ansel et al., 1993) , and enhances antigen-induced IFNy production by T-cells (Blum et al., 1993) . SP is in turn induced in sympathetic ganglion cells by IL-1 and TNFa, in a positive feedback loop (Shadiack et al., 1993 (Hartung and Toyka, 1983; Roch-Arveiller et al., 1986; Goebeler et al., 1994) , and enhances the phagocytosis of PMNs (Bar-Shavit et al., 1980 (Goebeler et al., 1994) .
In contrast, the actions of CGRP and VIP on immune responses and inflammation are predominantly inhibitory. Like SP, CGRP enhances leukocyte infiltration during allergic contact dermatitis, secondary to effects on the vasculature (Goebeler et al., 1994) , and may stimulate the directed cell migration of PMNs, macrophages, and T-cells (Foster et al., 1992) . However, CGRP-positive sensory nerves have been found to be associated with epidermal Langerhans cells, and CGRP inhibits the antigenpresenting function of such cells. As noted above, Langerhans cells are well-represented in the pulp (lontell et al., 1988) . This inhibition can result in the downregulation of induction and elicitation of delayedtype hypersensitivity responses (Asahina et al., 1995) . CGRP has a mild inhibitory effect on Con A, mitogen, and endotoxin-stimulated lymphocyte proliferation and suppresses IL-2, TNFox, and IFNy production by T-cells (Bulloch and Pomerantz, 1984) . VIP, like CGRP, inhibits T-cell proliferation and IL-2 production (Boudard and Bastide, 1991) . CGRP downregulates the cytotoxic activity of activated T-lymphocytes by preventing the release of cytotoxin-containing granules . CGRP also inhibits the expression of surface Ig receptors by pre-B-cells, through a downregulation of ji and K chain expression (McGillis et al., 1993) . Interestingly, CGRP mRNA and protein have been reported in non-neural cells, including macrophages and Bcells (lakab et al., 1993) . Finally, CGRP inhibits oxidative metabolism by macrophages (Nong et al., 1989 (Rutherford, 1995) , to control infection and hence permit hard tissue formation to occur.
IL-I has been identified as a central mediator of periapical and pulpal inflammation, but the roles of other mediators are still largely unresolved. The additional cytokines, pro-inflammatory metabolites, and neuropeptides which play key roles in pathology must be identified. These substances may provide useful diagnostic indicators of the extent of pulpal inflammation and infection, a judgment now based primarily upon subjective clinical signs and symptoms. The development of rapid chair-side tests for these substances may more accurately predict the prognosis of viral pulp therapy, and increase its success rate vs. endodontic treatment. It is conceivable that anti-inflammatory agents which specifically inhibit key pro-inflammatory mediators could be utilized to reduce pulpal inflammation and improve the outlook for viral pulp therapy. Such substances, along with bone growth factors, could also be incorporated into endodontic filling materials, to accelerate the healing of periapical bone. For cytokines, endogenous inhibitors such as IL-lra 
